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Understanding the segregation and partitioning at transformation interfaces in steels is key to 
control microstructure and properties. The results from atom probe tomography used to analyze 
the precise composition of these interfaces are often, because of the widening of the profile 
caused by limited spatial resolution. Here, by targeting regions of the data with optimal depth 
resolution, we demonstrate segregation over only five atomic planes or so, in agreement with 
reports from e.g. electron microscopy. This Letter discusses the issues arising from superficial 
processing of APT data that lead to their misinterpretation in the context of phase transitions 
and transformations. 
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The mechanical properties of metallic materials are usually controlled by adjustment in their 
microstructure. Varying parameters allows during processing for changing the size distribution, 
volume fraction, the morphology of secondary phases, as well as the composition and structure 
of their interfaces with the host matrix. In steels, the allotropic transformation from the high-
temperature face-centered-cubic (fcc) phase to the low-temperature body-centered cubic is one 
of the degrees of freedom that can be used to further adjust the alloy’s properties. The 
partitioning of solutes between the bcc-ferrite and fcc-austenite and their interactions with 
migrating α-γ interfaces during the growth of ferrite has been a topic of intense research for 
decades, as recently reviewed thoroughly [1,2]. Modelling the growth of ferrite in low alloyed 
steels has been extensively investigated because of its great importance for the design of new 
steel grades [3]. Precise measurements of the local composition of solutes at and in the vicinity 
of the moving interface are sparse [4–8]. 
Most of these results come from careful atom probe tomography (APT) analyses. APT has been 
rising in prominence as a microanalytical technique over the past two decades, in particular for 
its unique combination of compositional sensitivity and capacity for three-dimensional 
analytical imaging at the sub-nanometer [9–11]. APT is primarily a mass spectrometry 
technique [12], albeit with a unique capacity to provide unparalleled spatial resolution [13–15]. 
The spatial resolution in APT results from a complex interplay between the field evaporation 
process that dictate the order in which ions get removed from the surface [15–17], and the 
shape of the specimen that can affect the projection of the ions from the specimen onto the 
single-particle detector [18,19]. The simple approach implemented in the commonly used  
reconstruction protocol [20–22] completely ignores such complexities, which leads to 
inaccuracies in the reconstruction that can often be identified by fluctuation in the density of 
the point cloud [23,24]. 
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These effects have led to strong debates regarding the accuracy of APT in comparison to e.g. 
high-resolution (scanning) transmission electron microscopy (HR-(S)TEM) and associated 
microanalytical techniques such as energy-dispersive X-ray spectroscopy (EDS). HR-(S)TEM 
often reveals near-atomically-sharp interfaces at grain boundaries in metals [25–27] or 
interphase interfaces . In contrast, often APT profiles are rarely below several nanometers in 
width. Here, we clearly show how the width of the profile is dependent on the local fluctuations 
of the depth resolution of the technique and that, by selecting the appropriate region, the width 
of the profile can be in the range of 4 to 5 atomic (011) planes (< 1nm).  
A ternary Fe-0.12 wt%C-2 wt%Mn was prepared in a vacuum induction furnace. The ingot 
was hot-rolled, and subsequently cold-rolled. Samples were reaustenitized at 1250 °C for 48 h 
under Ar atmosphere in order to remove any Mn microsegregation and prevent any 
decarburization, and finally cold-rolled to a 1 mm thickness. The sample of interest here was 
heated at 10 °C/s to 1100 °C for 1 min, cooled down rapidly to 680 °C, within the dilatometer, 
for 3 h (10,800 s). A transformation interface was targeted by using scanning electron 
microscopy and electron backscattered diffraction (EBSD) to prepare specimens for atom 
probe by focused-ion beam milling. A bar of the material containing the interface of interest 
was lifted out, mounted on a support and milled into a sharp needle with suitable dimensions 
for APT analysis [28]. All the details of the preparation can be found in ref. [7]. APT data was 
acquired on a Cameca LEAP 4000 HR, at a base temperature of 80 K, in high-voltage pulsing 
mode wiht a pulse fraction of 20% and at a repetition rate of 200 kHz. Data reconstruction and 
processing was performed in Cameca IVAS® 3.6.8. 
Figure 1 (a) shows a tomographic reconstruction containing an α-γ interface, which was 
selected for its close to the Kurdjumov-Sachs (K-S) orientation relationship [7]. Application of 
the filtering technique introduced by Yao in ref. [29] reveals a clear pole in the detector hit 
maps on both side of the interface, as shown in Figure 1 (b) and (c). The likelihood of seeing a 
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pole in the desorption pattern formed on the detector is directly proportional to the spacing 
between the plane, and when a single pole is observed, it is likely from a low index pole. Here, 
we made use of the information from the EBSD analysis to guide the identification of the pole 
as being a (011) in the bcc-ferrite. Upon cooling g has transformed into martensite and is hence 
body-centered tetragonal (bct). Assuming that the K-S OR also applied to the austenite-
martensite transformation, then the (011)martensite originates from the (111) [30]. This would 
explain the shape of the pole seen in the bottom grain, which can hence be identified as also 
being (011) in the martensite. Superimposed poles have previously been considered as an 
indication of a specific orientation relationship [31]. For this particular interface, the 
relationship between (011)martensite //(011)α, has been previously reported [32]. With a single 
pole visible, the full analysis of the misorientation cannot be performed [33,34], but assuming 
that the angular field-of-view is 55°, the change in the pole position would translate into approx. 
2° difference in orientation between the two grains. 
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Figure 1: (a) reconstructed APT map showing the distribution of Mn, C and Fe in the dataset containing the 
interface. For clarity, only 5% of the Fe ions are displayed. (b-c) detector hit maps calculated for a slide of .5 
million ions at different depths indicated by the arrow of the corresponding color in (a). In (b), a pole is indicated 
with a red arrow and the position of the α-γ interface is marked by a pink dashed line. 
 
Figure 2: composition profile along a cylinder encompassing the entire interface within the dataset positioned 
perpendicular to the interface.  
Figure 2 shows a composition profile calculated within a cylinder that crosses the entire 
interface, positioned manually as close as possible normal to the interface. The full-width at 
half-maximum (FWHM) of the carbon peak is approx. 2.3 nm, consistent with previous reports 
[4,7]. The location of the main pole in the top and bottom grains indicate where the spatial 
Mn
C
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resolution will be the highest. A series of composition profiles were calculated along a 4nm-
diameter cylinder positioned at an increasing distance from the pole along the interface, as 
indicated in Figure 3(a). Each profile was then fitted with a Gaussian function to derive the 
local width and amplitude of the peak. In Figure 3(b) are shown the cumulative number of C 
atoms detected as a function of the cumulative number of all atoms detected along each of the 
cylinders, which is known as an integral profile that provides a measure of the solute excess 
[35]. The thick purple line is the profile obtained at the pole, and it clearly shows the sharpest 
transition, which contrasts with the transition observed e.g. 25nm from the pole. Figure 3(c) 
reports the change in the FWHM of the composition peak obtained from the fitted Gaussian 
function. At, or near the pole, the FWHM of the peak is in the range of 1nm for both C and Mn. 
Similar observations of a widening of a thin interfacial layer as a function of the distance of a 
pole have previously been reported [36]. 
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Figure 3:(a) 5nm thick slice through the data showing the interface edge-on and that contains the trace the the 
two (011) poles and corresponding sets of (011) planes. Two normal axes are defined at the crossing between the 
interface and the poles. A succession of profiles is calculated within a 4nm-diameter cylinder and each profile is 
fitted with a Gaussian function, as shown inset. (b) integral profile for each of the corresponding profiles, the 
color reported in the legend indicates the distance to the pole. (c) full-width-half-maximum of the fitted Gaussian 
function for the C (red) and Mn (blue). 
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Figure 4: distribution of the atoms in the plane of the interface, with an added iso-composition surface viewed (a) 
from the top and (b) tilted to show the three cylindrical regions-of-interest used to calculate the composition 
profiles in (c–e), each profile bounded by a rectangle of the corresponding colour.  
A more detailed investigation of the distribution of solutes at the interface was subsequently 
undertaken. Figure 4(a) is a plane view of the interface, within a 5nm-thick slice. An iso-
composition surface encompassing regions of the point cloud where the Mn composition is 
higher than 6 at% was added. Interestingly, this surface reveals two elongated regions with a 
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high composition of Mn. These appear similar to Mn-decorated dislocations recently reported 
[37,38]. These dislocations could simply be sitting at the interface to accommodate the 
misorientation. In Figure 4(b) three 5nm-diameter cylinders are included within the point cloud, 
and colored pink, brown and light blue. The corresponding composition profiles of Mn and C 
are plotted in Figure 4(c), (d) and (e) respectively. These profiles indicate that there are 
significant fluctuations of the local composition at the interface, indeed, the peak Mn 
composition at the dislocations is in the range of 10 at%, while that of carbon is in the range of 
8–10at%. These segregations also explain the fluctuations of the excess revealed in Figure 3(b). 
Two important aspects arise from our results, a first on the implications for phase 
transformations, and a second from a materials characterization perspective. Both are rather 
intertwined.  
The Mn segregation at the interface originated from during ferrite growth at 680°C and not at 
lower temperatures (i.e. during the quench or at room temperature), as the diffusivity of Mn in 
austenite is already only approx. 10-19 m2s-1 at 680°C [1]. Regarding C, it has been shown to 
diffuse even at room temperature and C segregation could happen during quench or specimen 
storage at room temperature (RT)[4]. However, the observed dislocations could carry Mn 
within the interface and assist the diffusion of C, enhancing the likelihood of carbon diffusing 
within the interface during the ferritic transformation. At last, on the basis of thermodynamic 
arguments, it was showed that, the presence of Mn at austenite grain boundaries induces the 
co-segregation of C [39]. We can therefore conclude that C segregation to the a/g interface is 
likely, provided that a Mn segregation occurs concomitantly during the transformation, in other 
words this strengthen the possibility of a solute-drag as suggested in ref. [7].  
In the analysis of complex interfaces by TEM-based techniques, the challenge is often to find 
a suitable orientation to visualize the interface edge-on. This has often led to the use of specific 
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bicrystals or model interfaces, which may not have relevance to microstructures encountered 
in engineering materials. Analysing interfaces and grain boundaries with near-atomic 
resolution by TEM-based techniques, in particular scanning-TEM, requires the two grains to 
have a common zone axis direction that is close to the normal of the sample surface so as to 
observe the interface edge-on. The possible broadening of the electron beam travelling through 
the specimen and the possibility that the interface is not straight, which is likely for 
transformation interfaces such as the one investigated herein, imposes the use of very thin 
specimens, in the range of 10–30 nm. The width of this same interface measured by energy-
dispersive X-ray spectroscopy in an aberration-corrected STEM is also in the range of several 
nanometers [7] and so was that measured by electron-energy loss spectroscopy on model 
interfaces [4]. 
Here, similarly, scientists using APT must understand the limitations of the technique but also 
potentially accept not to do what is easy, but limit their analysis to regions in the point cloud 
that are highly-resolved, which may require finding a suitable orientation and location to 
analyze the data more deeply. In addition, it has become possible to combine with electron 
microscopy techniques, in particular electron back-scattered diffraction or electron channeling 
contrast imaging [40,41] prior to FIB milling in order to select a specific orientation, not only 
during preparation with for example transmission Kikuchi diffraction [42,43]. The preparation 
of specimens along particular orientations should, when possible, help maximise the spatial 
resolution, with the optimal configuration being when the interface is strictly perpendicular to 
the specimen’s main axis to limit distortions associated with the tomographic reconstruction 
[18,22]. 
The present analyses also point to a number of shortcomings of the typical approaches used to 
extract information from the APT reconstruction. The use of composition profiles as a function 
to the distance to a selected iso-composition surface (i.e. proximity histogram) has now become 
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widespread [44]. Although the concept of such calculations is interesting, its implementation 
is not without idiosyncrasies. In particular, this approach requires an isosurface, which is 
calculated on a grid, which is usually smoothed by a Gaussian blurring function, in a process 
coined delocalization [45]. This can lead to a strong smoothing of the compositional field and 
a widening of the actual interface, which is often noticed in the analysis of large populations 
of precipitates of varying sizes [46]. Alternative approaches have been proposed that may 
alleviate these concerns [38,47], but they are not accessible to most, and they systematically 
require input parameters. Albeit more labor-intensive, using simpler means of data extraction, 
e.g. composition profiles, often leads to a better understanding of the underlying assumptions 
made to obtain information.  
The estimated width of the interface is extremely important because it determines the 
transformation kinetics derived from models, e.g. solute drag, reviewed for instance in ref. [1]. 
It is also related to the binding energy for solute at a moving interface, which is usually derived 
from such profiles [4,7]. An overestaimtion of the interface’s width leads to an underestimation 
of the solutes’ segregation energy at the interface.  
Finally, although the information from APT is primarily compositional, often structural 
information is buried in the data [48]. This has been known since the inception of atom probe 
tomography, with early reports of atomic planes [9] and segregation to crystalline defects [49]. 
The use of complementary electron microscopy techniques has allowed to confirm the presence 
and nature of these defects in the specimen prior to analysis [50]. Ignoring this information can 
lead to misinterpretation of the data, whereas it could be crucial to understand microstructural 
evolution [41]. The values of the composition of Mn and C at the dislocations imaged herein 
are 20–30% higher than the peak value reported in Figure 2. Solutes are known to pin 
dislocations, and the presence of such high concentrations of Mn and C at these will affect their 
mobility. The interface analyzed here is a moving interface, and to accommodate the 
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progressive displacement of the interface, these dislocations likely need to move. The presence 
of such high compositions needs to be accounted for in models developed to explain the 
mobility of these transformation interfaces.  
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